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%. PRINCIPAL METHODS AND APPARATUS FOR INVESTIGATING OXIDATION

PROCESSES IN METAL AND ALLOYS

* -USSR-

[Following is a translation of the article "Osnovnyye
metody i apparatura dlya issledovaniya protsessov okis-
leniya metallov i splavov" (English version above) by
"D. V. Ignatov in Dokiady-Thstituta Metallurgii imeni
A* A. Baykov (Works of the Institute of Metallurgy imeni
A. A. Baykov), No 5, Production Metallurgy, Physical
Metallurgy and Physicochemical Methods of Research,
Moscow, 1960, pages 202-237.]

As is known, the oxidation of metals and alloys is a cort-
plex crystallochemical and kinetic process embodying a number of
other elementary processes. Its first stage is characterized by
direct interaction of the metal with the oxidizing reagent and
actually represents chemical adsorbtion (or, more exactly, physical
adsorbtion, changing rapidly to chemical adsorbtlon). For almost
all metals and alloys this stage proceeds very rapidly even at room
temperature and is completed in a few minutes. Depending on the
nature of the metal, oxide films of a thickness equal to the size
of one or two elementary cells of the lattice of the oxide corres-
ponding to the given metal are formed on the surface (1). Since
the metal-oxygen system is thermodynamically unstable (with the
exception of gold) in a rather wide range of temperatures, includ-
ing room temperature, the energy of activation of the oxidation
process in this stage has little significance (by comparison with
the heat of formation of the oxide). An indirect confirmation of
th.ei;s contention is the well known fact of the spontaneous combustion, -orr
upon rapid contact -ith oxygen, of the thin films of many metals
obtained by the method of evaporation and condensation in a vacuum
on non-heat-conducting supports. This phenomenon is also character- L
i~tic of freshly reduced powders. According to the available data, 0

an activation energy of 9 kcal/mol is requirred to oxidize beryllium ..............
at room temperature (2), and 8.7 kcal/mol for molybdenum (3).
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Depending on the time, this stage is expressed quantitatively by the
exr5onential law of oxidation (with exception of such metals as sodium
anid aTclimir, for which thp l~inear law is observed already at room

trtr~.t'- týor-.tlno on the --urrloe of - e retal of In,

ly and nracticPv torz or ~ :e, `_n ~.L.~> i> 1
of this thick'ne-- is forrf.ed after a fvew onrt~~t roon eritue
whereas it~z Nurthe~r g-ro-wtht-Lhcnsso OL. tate OY

:.4; (1.). The sharp' dirinution of the rate of' theoi~iojpo
cec-ý Mn thlis taf~e is: to be explained by tLhe fact thjt the sýyqen

dce~ notintrat w-l the ri(-tal dirfictly, :intcf the rati:.elfr~-
ortc -~ta ~~3c:.yea--are sepr~ated ',-y the oy.i!de fiD nil Ah e

nital and OJ,-P -'-V. (or ior,•) have to U througr t~he o7.,ds

hav'e to possesq snuih azupply of kinrt-tic enerpy .? 1,7i11 p~err-i- t thoem
to ovcrconfe the bindinga. forces betwecr the retal ;ada o-v0n Zr:z o.:1
the rti- of "he oxide formed by the coriverfsion olf t~he free energy
of the netal-oýWgen -system -in the fir-t 3stae. Thai s ener;.-, -iu-pdy

atromte~orture :L4 posoaesed by orly a ver-y small part of theý
atoms of' the zrysten, in a-ccordance wit(.h Boltzmana~r's. well-knolvi law,,
of-: di:!tribution. Hence, the o.-idatior. procýess in this stage, callqd
the secondarj' pr-ld er owly and practically ceazes- '.nor, for-

ito of' an ox-Ide :"ilm of a certain mairimi. t` icknes-s- on the -zrface
ofthe roletal. For mo,,t mietals, suich films have a thick1.,nrf.ý of-.o 1;0

for room tenuerature and are a n-rotection zgir~nt oxida!tlon un to
e,,~)-%04000. Thu.-, the oxidation proce~ss in the secoridary -ta.g-e doe3
not oc-cur '-ithouit additional energy, (activation energy).

The oyi`ýdation -rccesv- 13 activated with c-yirnarative ez-;e '-1y
h ea)tir.- the -whol.e 3y:temn or by activating Its t-aseous coIr~pon~ent, for
exani~le oi-ypen. In the Tirst ca-e, -rnc iually the metcal and the
or ."de phase are actilv~clktee, since the binding -forces between th~t atons
or ior,,.ý I- .11 he lattlco-z of' the solid phases: we:a11ten wdth the, :-ro-.Ah
olf tc~r-peratur~e- anid the coefficients of diffusion of o~zy~en nO well ~
t1-,rcvgh the oxyioi fi ncreace. In theý jec-ornd cnfre, nr..;v--c-n-1y the

~aeo:sco!rnornont is- acti.vated by n:-q ecr~ d''sch.arq' or i~he -.r-a-
dlatloii oft the asby a !:trearr. o -- elsctroris, protcri;, etc. TI.Lf:ý- action

~roc~:eact.Ive'particle': of' oxyv~en: -iono C- C' +iuu ~ss
,x ed 4-eulr lhte activated oxygen, with the id Of a glo-w

~ic(4r9) .,n;zpe~talý- lezoeciaily the npreci.oris ones) oxidi'zs
very mt ýn.,*-? ry _ t 40-1000 on the anode- of the dis3chs rce tube: 1in
3.0-h.3 -rlirmnues. ;."lrit i current dens-.ty of 1-2 4 /' cm a~iunf

~CO-~~+ `-1-1-r ox1idize. cornnletely, and silver f"Lbyr; o,' the came
t~h n e1,:z axidiizn ~irIt1 in a few seconds.

Thr: rate ofoxi_'d-atior. of' a nietal unoon heating isi determined
by the fol-,lowinFg basAc. factor,-:

1)The cryst11al lochemical corre.' oondernce between the 1-,Itti ce s
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.of the metal and the oxide;

2) The parameters of diffusion of the ions of the metal or.
oxygen throvgh the oxide film (depending on the type of semi-conduc-
tor to which the oxide of th , giver, metal belongs);

.,.h,) . phase awnd chox•ical conve:;r.l..rn in the skin (e:•recially
in the case of mary-layferýd oxide fiims); awnd

4) The rhase and other conversions in the metal itself.

The rate of oxidation is also affected by such factors as
tensions arising in the dross owing to the different volumes of the
metal and n.e corre.;,ondwn- -xide; the reczystallization processes in
the dro'z; the r-.se of textares; the physicochemical properties sfthe oxides (stability, volatility, melting point, exvansion coefficients);

porosity, alasticity and cohe3ion of the dross with the metal.
in the case of alloys (especially those with many components)

the following aro to be added to these oxidation factors: the thermal
activity of the alloy components, which determines the ion concen-
trat'lon in the several alloy components at the alloy-dross boundry;
the diffusion oarameters of these components through the dross; the
secondary oxidation and reduction reactions in the dross at the alloy-
dro3s boundry; the reactions between the oxides3 of the several com-
ponents of the dross type -- !iO + TiC2 = NiTiO3 , Ni02 + AIbO 3
NiAl-0 4 ; the decomposition of oxide compounds at high temperatures and
th,.ý evaporab11.1ty of some of them.

As may be seen, the oxidation process is governed by many
factors even in those csses where the metal is not under conditions
of simple [single?] or cyclic stress and is likewise not subjected
to the action of heating ýwrith different frequencies of heat exchange
and in various corrosive gaseous media. Hence, in order to examine
the oxidation process more broadly and deeply, and in general to study
the nechanlisn of the interaction of metals with gases, it is necessary
to e mloy a number of methods of physicochemical analysis.

The oxidation Prccess of metals at the temperature interval
from 200 to the termerature close to the melting point proceeds accord-
ing to the following time laws (of the dependence of the growth in
weightAp upon the time t:

1) The exponential or logarithmic law: Ap = Kln (at +1), at
tempsratures from 20 to 200-4000.

2) The cubic law: (Ap)3 = Kt + c, at 400-500°;
3) The parabolic law: (Ap) 2 = It + c, for temperatures

above 5000; and
4,) The linear law Ap = Kt + c, at high temperatures. These

intervals of temperature are conditional, since they are different
for each metal.

The constant c in the last three equations determines only

-3-
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numerically equal to the ratio of the true surface to the geometric
surface area of the sample.

The true surface area is determined from special experiments
with the adsorbtion of argon (or other inert gas) at the temperature
of liquid notrogen (10). For a polished surface, this coefficient
is 2, but for thin fiLms of metals obtained by the method of evap-
oration and condensation in a vacuum, it may vary from 2-20 or more,
depending on the melting point of the metal and the rate of evapora.
tion. According to electronic microscopy and electronography data,
the dimensions of the crystallites in the thin films of such easily
fusible metals as magnesium and aluminum are 200-300 1, and for such
metals as titanium and chromium, 20-30 L, i.e., 10-15 times smaller.
Of probably the same order will be the relationship between rough-
ness of the films of metals condensed on a cold underlay (podkladka),
depending on their melting Doint. Ihe roughness coefficients of the
surface of etched samples or of their surfaces obtained by reducing
oxides with hydrogen have values from 20-1000, depending on the methods
of etching and reduction (11).

However, in high-temperature oxidation the original roughness
of the surface disappears during the first few hours of oxidation,
depending on the heating temperature. Thus for example, in our exper-
iments the roughness of the surface of the samples of nikhrom [a nickel-
chromium-iron] alloy, resulting from polishing on 4/0 emery paper,
disappeared after 5 hours of heating at 6000 and 2-3 hours at 800-
9000. Hence, the effect of the original roughness on the oxidation
rate may be disregarded in protracted oxidation, for example, 25-50
hours. The change in the degree of roughness in the oxidation process
is one of the causes of the diminution, observed in our experiments,
of the values of the rate constant of this process depending on the
time at a constant temperature.

In some cases practical workers use a number of other methods,
by which they judge the oxidation rate from the thickness of the
oxide (and other)films forming on the surface of metal samples, depend-
ing on the temperature and time of heating. To these methods belong:

1) Optical -- from the change in coloring (interference), from
the change in the coefficient of ellipticity from thickness (polar-
ization), and frov. the change in the original intensity of light from
thickness owing to adsorbtion;

2) Electric -- from the change in electro-conductivity; and
3) Electrochemical -- from determination of the amount of

electricity needed to reduce the oxides.
All these methods, described in sufficient detail in (12, 13,

and 14), are also applicable to comparatively thin films of oxides
in cases where the optical or electric constants of the forming oxides
are known.

Thus, with the aid of kinetic methods it is possible to deter-
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mine the two basic narameters of the oxidation process: the rate
constant, or average oxidation rate, arnd the activation energy of
this process. However, on the basis of data on these oasrareters
alone., itA: not poscsibIle t.o exrzilain the. cnhari-sn of the oxidation
of mietals and alloyý,: and -to csolve the. cpiestIAoY!.-~ ~1:tb
protection from gas corrosion. Hence, alorng-ide of kir.-etic rn'etbodý,
it is necoZsairy also to apply analytic Lmethods3:

1) Chemical analysis;
2) Structural analysis (radiographic, electrogra-phic,

neutron~ographic, metallographic, and electron-microscopic; and
3)Isotopic methods (nethodr, involving, radioactive and stable

isotores).
oupplementar7j methods permii ting one to determiine the pigjsico-

chemical properties of m~etal and oxide syatenis and first and foremost
the bond energy in their lattices are the therinographic and. color-A
mtetric methods of determining the energies of sublimations and -activ-
ities, as well as of the character of conduc~livity (determination of
the Hall coeff'icient) and the coefficient of thermal expansion.

3elow is given a description of the weight, structural (except
rndiorgraphic and neatronographic) and isotopic methods of investiga-
ting7 the proces3 of oxidation of metals and alloys.

EIGH1T NIETHODS

i3y means cf weigh,)t methods the oxidation rate at a giver, temrer-
ature is, dIAete.rmin-.d either by the growth in wieght or by the loss of
weig'ht of the sampl.e (kin the case of vol,-tive oxiders or' under oper-
at-ingr condition) ~pcvr unit of time and per unit of its geometric -sur-
-ace. The weight Increase of samples in the oxidation process ias-
d;-termined by continruous or discontinuous weighing.

'-he-- meht'Cod of deten~nining the oxidation rates by loss, of weeight,
a- Woll a-. the recultZ of investigation as to gas corrosion in various
gaseous Pudi nd =nder various conditions of cyc,,lic loading of the
sample, are dqescribed In CL5 and 16). iThe weight increase of 3ariples
due Lio oXidation, when w'oighed eithier continuously or discontinuously,
-Ls determinied on an oridinary microanalytic balance with a sernsiti-
V-;ty of 2-i0o-5 g per g-raduation of the optical scale of the reading

A~ a rule, the ssampqle during the whole exoeriment should be
,-n on,,- anzd the same crucible, t~emrpered to a constant weight at a tern-
~r- rtur 200-2.500 higher than the mix-imim. temioerature of investigation.
1, iý. b-_rst F o -i-e thin-walled corundum crucibles, which have a snall
Wp._Lht a9nd acc-.4re a constant weight when tempered for 4-50O houars

at ý 710. Only in ca-es where 4t is known thatteoiefl'd
not peel off of the zsiuples and do not crumble is it oossible not
to uLse crucibles in heating samoles.
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same objects can one obtain fuller and more reliable data both on
the rate constants of the oxidation process and on the heat resis-
tence of the materials investigated.

In view of the fact that the discontinuous weighing method
permits sLr.altaneous experiments in the oxidation of metals with
many objects,-one can choose such a quantity of samples as to con-
bine the processes of continuous and discontinuous oxidation.

For this purpose, and to investigate the determination of
the structure and composition of the dross, it is necessary to pre-
pare 22 samples entirely alike in composition and degree of surface
roughness. Then, proceeding from the calculation that in an exper-
iment lasting 25-50 hours it is necessary to obtain 8 points to con-
struct the kinetic oxidation curve on weight-growth and time coordi-
nates, one can take out and weigh five samples after definite inter-
vals of time. Thus, for each point of the kinetic curve, five weight-
growth values will be obtained, three of which are for samples of
discontinuous oxidation and two for samples of cmntinuous oxidation.
The last two samples are then used for the electronographic and
meatllographic investigation of the microstructure of that point.
Furthermore, the dross of these samples can also be used for its
chemical analysis. £hree of the 22 samples will oxidize continuously
for 25 or 50 hours. To construct the graph and determine the value
of the activation energy it is necessary to determine the value of
the rate constant for various temperatures. Consequently, 88 samples
are required for a full kinetic and structural investigation at four
heating temperatures.

A peculiarity of this method is that it makes it possible to
obtain for the points of the experimental kinetic oxidation curve data
on the mean oxidation rate, the phase and chemical composition of the
dross, and also on its microstructure. Ordinary muffle furnaces
may be used to heat the samples in air. In heating in gaseous media
of the prescribed composition, it is more advisable to employ cylin-
drical horizontal funiaces, in which it is convenient to heat the
reaction tube (up to 80 mm in diameter and one me~er long). The latter
is usually made of quartz or synthetic mullite and zirconium. Slides
Slides or couplings of "pyrex" glass are used to connect with pumps
and other devices of molybdenum glass. The furnace should be suffi-
ciently long in extent and have a constant temperature. It is best
to place the crucibles in a plate (or quartz or the oxides BeO, A1203 )
with apertures for them. Here it is necessary to see to it that no
particles of extraneous matter adhere to the crucibles and that the
weight has not been increased through interaction between the crucibles
and the material of the underlay. The best material for underlays (or
bushing in the form of rings) for the crucibles in this case is plat-
inum. The sample should touch the walls of the crucible only at a
few points. This condition is easy to fulfill if it is inclined to

- 8 -
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3.Zs '- ,so = i- 2S

Fi.cure 2

Legend: I (top) -- Supporting Framie: 1) Solder of ACl; 2) Pased
qt.arts; 3) counterweight; 4, 5) tunwsten wires 25 and 50
nk in dianeter; and 6) reading microscope.

II (bottom) -- Beam: 1) Center of gravity of beam; 2) beam;
•and 3) .uupoorting frame.
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It consists of two identical vertical glass tubes welded
•thgether by a third horizontal one in the form of the Cyrillic let-
ter TT . In the horizontal tUbe is palced the frame with the twist-
ing t''.'iten iI_..a'et welded to it, and with the beam welded to the

"Middle of t:h,; Pilotriend. "he fraume au-1d e,;a'rr i made oK auart-, .ind
the welding is done everyw~here with silvwr chloride. The beam i: ýual-
ly made of bars of f'used quartz of a :ionstaat diameter throu.Lh'Yxt
their length.

The beaA, 150 mi. long and 2 m in diameter, is welded so
that its center of gi-avity is 0.20-0.30 mm lower than the point of
support. This is. accompli-shed by bending the quartz bar at two
points symmetrically distant from its geometric center; the point
of support of the beam and the points of sucpension of the filaments
bearing the sample to be weighed and the counterpoint should lie in
the s•ne plane (Fig. 2). Horns are welded to the ends of the beam
and a tugsten filament is soldered to th*em. Hooks for suspending
the sample and counterwieght are fastened to the middle of this fila-
ment by meauis of Cilver chloride. The hooks and filaments for the
suspension are made of .Taartz. The horizontal tube and one-third of
the length of the vertical tubes can be made of molybdeaium glass;
the remiInder of the tubes are made of quartz or fused aluminum
oxide. '¾he noupling. between the quartz part of the tube and the
roybd,-nuin tube is made enther with a special glass composition hav-
ing a thenmal-expan ion coeffIcient intermediate between quartz and
molybdeniup gla-.as, in the ease of whole tubes, or these parts of the
tujbes .-•re *initc'd by means of slides. "he lubricant vapor of the
slides J..: frozen out by livqiad air poured into a specia! trap over the

•ldJ(see Fg )

in the v-ertical tubes are placed metal diaphragms which, having
sntiil. .tr;crtirres through which to pass the suspension filaments for
tbn ]. and cnuinterweight, red i~ce the intensity of the convection
clrre.ts durin.rl the exT erjiments at high temporatures. They further-
more ptronote the cooling or the hot masses of air, since there are
traps v-4th liquid air and rutlnni? water circulating around them at
th-. j,.•ce.:. whcro these diapnhagl.:. are located.

The w.ol -ra;., part. of the vtighinrg assembly, with a high-
vscuum oil U iffu:;ion puntp, meamiring, lamps and a flask for oy..jgen,

in:.A ited ,n a riao:siwc steel frame soldered to a steel nlate 3 cm
th,", and 70 X ":`O -m square. L•o protect the balance from vibration,
tenn'is bsi!ls (about 100) are used, on which the plate of the weigh-
ing aisembly is vot. A microporcus rubber mat is placed under the
.re-vacu•um (forvakuuuty-'yy) pump, and a rubber coil uniting the pump

with the balance is firmly fastened to the wall. However, it is
dil'icul)t to elimina ýe vibration entirely, especially in weighing in
a high vacuum (o-10-ý mm of mercury). In thiS case, the pre-vacuum
pump is turned off during the experiment, and the high-vacuum diIffu-
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ZA01., n M.. Lj-L4 a' o vacn.ated sn~are~ fna -- (uLw to
10-' ~ ~ T ,r~rcr) 'h'~igh catL t a, bei,4na:hta½ed in Ithr, sy:mtc-m

to C-CO v a hiCI-i~ voww ( 10 .. , t~he iiit
~htd be c,,' -n-ir-vJ . tire- wit-h. nn inert 7ai (ar e',n of~ s->Ar'A
Jpi3:y. :nhh :~th nth ztead1 rcnrt -vapcr,

cgi~vm.r off f'remyz Uho wral ar t o f the iu.t eial fo ith
1.r~nc5,ar, oi.oe m~ore q1uziie!.y. 5'urthlerrnore, the. j~a

,he -6 nTa.u taprzuec -7 f "'e an~ 4nert v'as.
~:Lch -~cu~tonary rnasur;;havo to b(-: t-'ker. Ir-. obt-ahirdiv fInrI. ia'yrcrS

:Li l~ i~c ad ~o'ion or o~x,'datI-.Gr 7)rocz-:zo-s, aa well. Jr) casees Vhere
.:e ratc cof cvpToration ofi the :4ietalf- is beirxw. deteYr I-I.ne.z~

"Mhe beoý c ',racnetcrci of_ the tor,_;don balaance_ are ý5n_"itivity,
b ibr ation pýýriid -x,ii -:e i tin of charze, wyht:L:h can be do terni'"ned
on n-o: bha:lpnc 7-ith controlle-d ;eiio.Ti bazi praer

e~c ~o- "~-_+, -ý to coi%-ý arnother, ~cthat a chan(-.e -r oe'o them'
a .x-7-' Ln anmother. Hari-e, in,-,otn this. or thai; balanoce

ý -, oc rnnec~ htiefvý by whtprOblctr".s 't iý ntzvlnrrdl to

of any et1 bo~girx-In.- with thc adz~o2bt`,en s~tafe,
tc I :-h' o' a one-riolecuýle Tz~ler of~ uxy:ge, iaLe. to3.1

fýrert ofý') cm en ý bus e or,~n~~de th1:ý ba~krance
Tllf- bnýitc rara73,erI%(- oi the e~~l~i~db~ibalance, -- the

- sd.zter.,inedA by theC. riti-O of' the an oZý dekoIC-tlon

~I: ~ ~CiO I,_ tt~ to f t:d l eimto-F thoe brant,
t.:i5.f rot., t',., ,,:cIe or' tn:.ý maeýar-4-ind-roscol e, to t lengtlh

o, 1 of thc be-., mavy be 2ýubstitu~teci f-or the anri~e (beenwu -:

h

'u-L,-.i tle' elifrpacinment of' thy, be=m.
nf pr eti thel s 5en:- tA ,iit-y of' a -ivcn.b)rc. (vith

3 d ýtorr~ined by the s zo of the di~a~': ftI
brm~ re n't:~ve 0 thný Size of' the overweig-ht ca-ingr this ima;t

Thi ost~ tr' ~ns~~v~v o the I lpr -e iserpres3ed i-n rm
per n:.adý;atlon of the rnicros-cale of t'hý_ measuring microsc-ope, -which
-in. orr3C.-Lna'- rricroscopes, ivitlh a micro-ocular attachment, cr~rod.
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to 10 ink.
In-tead of this m~icro-cope, an CY-C-6 nhicroc-cope with a 1Ir-

graduation valve c."n bc S d uc.h c-nsit~.vity :i.z ~etmir-od c:-,'er-

bGatclhos Of 0 .L 0.-(3 o tc., weif'IIAC p ~rrci--- :s.o~ n t ie
r *croan~r_,1ryt. in' baInce' taro and I'Qi 'mm om0 (I2 trf c ~n 2;
of the beam, aiid tho _-z cf-L tý'e disr'JIae.-at. of' th.-. othoi- -r,,-
foi.-nd ýri-th taia, of thfe miero.&cope. 7he valuc- o-f Ap'_ rte
r-ined fromq th6- ý7trair~ht line of gradu~ati~onby di v~diii- the wclijght of
tho ch11-.rgec b-..: tho ~nirl-or of' scalo un~its of the displacemnt of the
beam on the -2icro-o;coco:ci~ To rrake a balanice vr-.ýth a ý7c)nzi.tivltv

z~2 ~10 -:,withan ~cilat rcc .1 of 3 ýeconOdz for a snmlo
WeL~~f~ .- X ~,it u nc~:yt mak bear; 15-6 o 1011C of

~ ~~fC~rz', o" bar 1.3-2 ~rmx ý_z daýte~t'e. A tw: teni
,Tim 25 jri dJ rnete-r mn*: 25-3 nrv lorsý :hcral r, used aý surn~ort-

iris;ý' fl~'CI; 1h. d I st~arce fromi the point of z~nJo','ort to. the center
o-ý rra`Lv -. ou~l-.c 0-0.4 tav. The tehod o en-sitivity miay

;O. iveroCd t-o ITh-', c by dL0_Imhinr thr:e weia1-ht c1 tae saxlan' to zore
terit!Az of a m'-2-ira:.rudg thne dimamter of the .-u-port fi~lamentzs

z~~-1O. Ilid rf. rip: the d istarc e f rom the, cent r f.- 'Tv ty t h
no-Lrit of T-.pport drmun to-02-.1 m

f'In 2Ientrf t ;.fhicf~ &re iii~re Stab].e W-,.4- re:.eCt [-ote-
7,ernturo ch~an-c- a-re often usýed. Lastejad olf tangztem filn--nts
However, Mt; iobhard to prepare thm, -and still mr.o:(= d".I -eviiJt to aaS em-

Whi.le At s comp.s.rat-Iv1y e--asy to achieve Ira e~ti't
i~n the b:Iance,c it is considerably harder to attain greant -.recision

~ ve~h~ I nn uch no the preac2.s; n~ 1f the d tr,- n t or., of CAhan:-e
nf tie wcZ ~Th annle Lp ltr o:tdat-on prcoecs for any ideal21y

de~~ne~ bJ '..sa:fen'ted by thv' v. atr:~ibrat~on, chnal .e
~Jf C:~f~-~r ~ -,-, 7;;rsura in theo ballnce s~vdthe :9.3)_,ertdel

&h. ofeý-ý- of v.11.,rtiorn can be co.;Til vtly e'.Iav -In
:7il hy "m2 ~~J. oi :' t 1-v -1-o kno t-he baiance, bOOPý.m it the, sup-

~ >~~c~xnd1:~vnf~ load.k -In th,.ý w;Žigheýd ýAtats, f11or e-R:ope ,by
-, Ad (&ý, in, thc caze of rmielt-IM7. w~aj.i~thouit ra ccble) Uithin

the ca-11g or r-eact~iort t'Ibroo of the balanne. Another rmethod oass3
"on t( Vthor; hand, of crea4-in',- a. mar c ~o~rimcal coiviection ol' t'he

* of, tulkof th balan~ce -!i~th tho mias-z of the gyround. 'For th.in
* pifWOC, tii r.24".;o~ e pedie:ital or mi'otructure of the balaInce ru;it

bc- -n-tinto th( ,r:un to a dnp~th coj~ildara:h:y rreater thamL the f'oun-
&.ti~or of th.-e ~uUh:itcelf and the z~b-r,7nr- of the cor. n mcs Zo r

adrymirp,-1 Nin.Or experirnent in udtnf- tennirs ball.- arid
~ootvlaste3 to ab!ý*rrb -. 5Jlratiorn, a'% well aý- in replaci.ng

ounr~f- for mnaintronance of' a -,*nmwnent vacwuin in tan waeifhina instaJ-l
lat'Lon by g-aobn rnatorlaI2, has yielded PoA-tlve resaults'.



As a. very simple means of protecting the balance from oscilla-
tions of great amplitude, which may result from resonance or the acci-.
dental rapid admission of gas into the balance space, it is useful
to restrict the movement of the beam by two slightly taut wires of
turg,:',4 e2-.-30) mk in diairpter welded. to the two ,1.de3 of the beat'l
at a distance .somewhal V. rater th.•n the d'~flec:tion of th~e bon,. thaL
is the maxixtim admitted by the scale of the reading microscope.

'he effect of the temperature factor is determined by calibra-
ting thkalance for each working temperature. The correction coef-
ficient determined from these calibration lines with a balance sen-
sitivity of 3 . 10-( g should be 6- lo0Tg/ 0 C. to reduce the effect
of the temperature factor the part of thebalance in which the beam
with the support._ng frame is located is put into an air thermostat,
in which the tqmperature is kept somewhat above room temperature.

The pressure factor affects the change of weight in the sample
and counterweight due to buoyancy. To eliminate it, the sample and
aounterwieght should be made of one and the same material, and the
counterweight should differ from the weight of the sample by 0.2%.
With identical values of weight and volume, the sample and the
counterweight must have entirely different surface sizes. Hence,
the counterweight must be made in the form of a bell with an ideally
polished surface, and the sample in the form of a sheet-iron or foil
plate with a surface of 10 or 100 times larger than the surface of
the counterweight. In determining the quantities of gases absorbed
by the sample, a correction must be made for the absorbtion of the
gas by the counterweight.

The conditions of operating the balance are coneiderably com-
plicated in investigating the kinetics of the oxidation of metals
at raised and high temperatures. On the one hard, it is necessary
to Place both ends of the beam and the sample with the counterweight
under identical temperature conditions in order to reduce the effect
of the temperature factor and convection. On the other hand, the
samples with their counterweights must be of one and the same mater-
ipl in order to eliminate the effect of buoyancy. In this case, one
endeavor."; to select a counterweight of oxides of the same density
(os, for example, quartz -n the oxidation of aluminum) or a counter-
weight of the same material is welded into a thin-walled quartz tube.
Or, finally, the upper pa-rt of the balance, in which the supporting
frame with the beam and counterweight is located, is palced in a
thermcstat and the balance is graduated for each working temperature.
Allowinng for these corrections, a change of I0-" g ± 20% and 10-9 g
+ 10% in the weight is observed whrn the zero position is stable.

To remove charges from the walls of the horizontal and vertical
tubes (especially when the suspension filaments, the support filaments,
and the tubes themselves are made of quartz), their inner surface is

covered with *a thin platinum film, which is grounded.
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fib A-A

giure 3
Leg.end: - (left) -- TZpe ol Wfiindiri in whilch !iZo Ma~ntic FiLeld i.s

>-d.-~'1) Porcelain cy1Z'-dwr: 2)r l ." mnin~ d~aia.Pter
of Kar'tmiov 10;3) thir, -orcelinia tzc

1 __ -Irn tiHu:ioatc'.tL Furniac of M~oilybdemnU TP.eo:

r' th-~ omt-e. 1 aclkete; 3)ehu.tfor evacnatinc, tLhe
~fLr ~b~ >.-a-i o tur.r-'tin. t'-ire; .5iru-ltd- _tnand

J.e' L wr'of n~ic kel; 6)paiu.p~icro untherm~o-
cc,ýplc (10Oitl rhodilifl~; 7) P.Tac-Dardel porroelhin ('thtc
jm ;Uite; 8) ;;iolybdenunri tapa: 9) d`i, ance rag of alunduri;
10) Anri,;r ti.be; 11) ou'Ler tukbe; 12) heater t,,.ith blifj1.rý

'_nir- o" n olybdenuip tape; and 13) plat Lmim-r1atinorhodiLim

h N =I the nicrowejrht



Cylindrical furnaces with bifilar winding or with the winding
sho-wn in Fig. 3, I. are used as heating elements.

The temperature of the sa-aple is measured with a thernocouple,
the ball of w'hicýh i• in contact with the other sample exactly like
the one b-n 'e.&-hec, ,,! i !o~atd az, near az no'siblp to th'e
latter.

The reaction t.be is rrosit sirmly m'nuactured froxr qiartz. But
quartz, begini'ing at 8000, conducts oxygen; hence, for e>meriments
in the tenw-erature interval 300-10000, it is necessary to use a tube
with double walls, and the air mvast be pvtmped out of the space between
thenr. A !nodel of sL ch a tube with a heater of rnolybdenumv tape ins-talled
betwecen its walls is zho~i in Fig. 3, TI (19). At te mer'tures of
1000-VIFG0o the best mterl•al 2s airninun oxide (dý- A1203) •nd and
3eO. There oxides undergo no phase cronersions and do not :'o!s0es
any ...iceable evaporability in thio area of temneratureo.. The oxi-de
covmrou"nds of tie IiA!204, -rSi04, n"SiO2 , real20 3 type rJecompose in
a vacuu• at temperatures above 13000.

_Legend: 1) Trap for '1quid2J nitrogen: 2) 'artz beam;
3) plane-parallel glass;

ILI 4) reading 7i-ro3cope;
5) counterweight; 6) cup-I 5 port (place where bealmi is

6 • soldered with tuin[fsten
filarnent); 7) evacuation

Y5" M tap; 8) target; 9) outlet
for heating target in
degasification; 10) masisive

M4 a 9 copper plate for coolinr
collimator; II) colli-
_mator; 12) evanorator;
13) therzocouple;S .. .. 14) water cooling;
15) air ther-oztat; and
16) ionization lamp for
measuring vacuum.

12 It X

Ficure 4. Scheme of Vacuwn Nicrobalance
for Detor.intav Heat of 2Ublima.tion and
Activity of Components of an Alloy
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I. Path of Electron A. ANN
Bean'to Lensai

*2, 3) diaphragms;
4) size of beam b. .1

I. Scheme of Arrange-
ment of Electronic
Optical Elements and
Path of RaLys in
Electronograph with _

Two-lens Condenser: ir
1) filament; a
~2) first and second
anode diaphragms;
3, 6) diaphragms;
4:, 7) lonse$;
5) effective source
of electrons;
8) sample;

9)screen.

III. Scheme of Path
of Rays When Photo-
graphing Simultaneous- '
ly for Reflection and
Passage of Rays:
1) sample;
2) thin film of alum-
inmum;
3) diaphragmed rays
.from massive sample; Figure 7
4) diaphragmed rays
from aluminum film;
5) photo plate.

In the case of the one-lens- focusing system the lens
be pJaced at an equal distance a from the primary source of el,
trons and from the screen b; then it will not produce an enlar?
(x = b/a) of the size of the primary source. In modern electr.
graphs, the distance from the lens, to the screen is 35-70 cm.
sequently, in order to avoid enlargement of the image of the st
1Y the lens the distance from the primary source of electron
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*The exi~resz~ions whereby the magnitudes of the excpansion of the spot
:~'*r thec abov-e reasonm. are cqiculated are given in (35). Thus, aceor-
dc-'n, tLo tI.he data in this work, the size of the expansion bf the spot,
ovi'nftto ip'.er-lcai abý-rr-:tion, Is:

L rper = -)

a

where "IS a ccornsts!t;

San x-ij' arý- thlý 6i5tarnoes Pro'ti the lens, -to the pri,,&ry source and
sreen, rsrcie

r,. the raliu:- of `the opo-mga of the c~rr f
I n s

717,ý size of the, 1-,~'atr.~~ r. cs e'.1bYt

--n tZhe 110.gth oft~ c&1-ctror, wave ovitir. to LY £uctu.at i~r
o'.th -.ýcclerat~xig vol.twe V iS detprr!Ln.ýJ, n equ.ticn(

LY~.=4J~(4)
^ V

The size of the expr_.avor. of t$he spot11 in dependen~ce or- the
?z oI the c:ttL 3.s deter.%Jned fCromi the expession

wnere i; the of~t oi _he c~ectrori vove;

i~t4: i1't rom Lýhe :1-anqilo 2.e t the _zcrern;

C K.io' r~i On'i p tiaýz t~ic. tex -aw--ion of h
n:'~t for a*IY.;a `;iZi Y~~r _J_ 1 L~eri vey~~L ~MgI-

tv~ fA , ~. t'coi>tnit4",n of h ec~o~:ro~
G-~ rnore is; tb 1 i -.tr-yu~-ud. t":1 tbk-e f,(t~ that- the

*.~eiray cor-Ps 21.o c~u. Li the Thzm o~f a spherical z.irface
w:ttii-it -.nter In. t-hc plane ;§t'ji, ýsy-e Herv-e, for a ,gIv-n
dirzti r: xi r r~f radilis 71, po'e -,otc f'ocla.s wi e ý.Oriw*,.at

~ t:e ~ Of in-i"e-,~stat ctea. of a poinrt Usr

a~~s ~ ~ 1. whz ie L z d scet~em-ied fromn th~e equat-on

ki n r'1 L.(6)
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Thus, allowing for all tbese corrections, the sise of tht
image bf the primary source on the screen viIl be

•1 = rim + A spher. + Lcr. +ZLR + Aor.

ft is evident that the min.,m aciparation. of -the dfrc
rings in the electronogram will be detlermined by the, di3tribut"
of the intensity both irnhe spot and over the width of the rinj
dependence on the radius of the spot 'W• or the half-width of I
ring. Work (35) gives the following expressions for minimum s8
tion and accordingly for resolving power:

AR =l.4' ;4
R ft

Substituting in expression (8) the values of R from forMa
(1) and from identity (7), we obtain the final equation for
resolving power of the electronograph in the form:

AR = 1.4 d (rim + Aspher. + Acr. +AR + A cr.'
R AAL

The dispersion power of the electronegraph is determined
the ratio 6 , where &R is the difference between the radii c

the diffraction rings in the electronogram, and A d is the difl
ence between the values of the corresponding inter-plane distar

The dispersion is found from equation (1) R = AL and
2T

ARIZd = -AL/d 2

It follows from this equation that the dispersion power
its absolute value with the assigned electron wave length is &.
proportional to L and inversely proportional to the square of
the inter-plane distances.

Tho electron wave length A in a first approximation is c
Smined by the equation A = 12.25/-V'7- 1. where V is the accelt
voltage. With the tensions used in plectronography practice, I
40-70 KW, it varies from 0.06-0M.06 X, i.e., it has practicall3
little effect on the size of the dispersion. The magnituge of
varits from 35-70 cm. There is an edpecially great variatinn I
the linear dispersion from the values of the inter-plane distar
and that in the direction of a decrease in it. Thus, for exam
with a change from 1 to 5 1 in the inter-plane distances, the c
persion diminishes 25 times.

It is evident that such a rapid diminution of the disperE
.power in dependence on the growth in the inter-plane distances
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be compensated either by the magnitude 7 or •y the magnitude L.
04reover, for values of d equal to 10 and 20 , the radii of the
corresponding diffraction rings computed from the equation
R = will be, respectively, 3.5 and 1.75 mam, with ? = 0.05

and L = 700 mm. But it is known from practice that the diameter
of the central spot formed by non-coherently diffused electrons on
the photo plate varies from 3-20 mm.

Thus, the diffraction rings corresponding to inter-plane dis-
tances of 10 R or more, even for an electronograph wLth L = 700 mm,
will fall in a strongly lighted (dark) spot on the photo plate and
will not be detected.

To heighten the dispersion power of the electronograph, two-
and three-lens diffraction chambers have recently (36) begun ta be
used. This instrament enables one to obtain electronograms with
diffraction rings of such diameters as could be obtained in the case
of the ordinary electronograph only with a distance of 4500 mm from
the sample to the photo plate. Thus, the three-lens diffraction
chamiber in this case has made it possible to enlarge the dispersion
7.5 times.

The productivity of the electronograph, determined by the
number of photos per unit of time, depends on the speed of reaching
the vacuum limit and on the number of photos per evacuation, and
also on the time taken by the photographing itself and the reloading.
The rate of evacuation pf the electronograph at present is such that
the vacuum limit of 10-4 mm mercury is reached in 4-5 minutes with
continuously operating pre-vacuum and diffusion pumps. The original
ezxhaustion with the pre-vacuum pump and the warming up of the dif-
fusion pump last 20-25 minutes. If the photo holder contains 12
photo plates, 12 pictures 9 X 12 can be obtained in 5 minutes with
exposures of 1-5 seconds from samples for passage of rays or -in
10 minutes from 3 samples for reflection and 6 samples for passage.
Thus, in 30-35 minutes it is possible to evacuate the electronograph
to the working vacuum and obtain 12 pictures. The reloading of the
holder and the developing of the plates are done during the next
evacuation.

In the Soviet Union, three models of modern electronographs
have been developed and successfully used: the F14-4, the model of
the Institute of Crystallography of the Academy of Sciences USSR
(EG) and the model of the Institute of Metallurgy of the Academy
of Sciences USSR (VEDI-I), which is an improved form of the model
of the Institute of Physical Chemistry of the Academy of Sciences
USSR (37).

Table 1 gives the values of the basic parameters of the elec-
tronographs. In all three, the rates of evacuation and the current
and tension [voltage] stability of the sources of power are approx-
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Table 1

Ia.melpla 5oelt-•',4 a -4 ' 8M-t szenlJOrPa@ ,'b

I, 2,5.10 2.0-10-2

a~~~O .n) ~ 6 000.
b * i 780 550 to -

,40 1,40 1,10 1,9

L * j0700 500 400
V, ,e; )., A 45:' ,O'8 75: 0,045 50; 0,055 to; 0,055

2 'C2• 3',5 27,5 22

rtm 7*.(1" 7.10-' 2,75-10-2 3,8-40'

U 0,145 0,160 0.140 0,11
" . )-1 3,1 .t- 1,4.10-' 2,4" 0-'

4.11)-S .11 .10

i 29 31,5 27,5 22

WiND0: 1) Basic parameters of the electronic optical parts;
2) E-4; 3) EG; .) EVTM-l; and 5) British electrono-I -Fp (3).M )MI-;ad5
graph (35).

fN.CTLE: Tort o', article speaks of 'fl-';whereas above in the
table is mentioned the SVTM-l.]

imately the same. The mechanism and the pos3ibility of displacing
the filbment and the. gun itself are also approximately the same,
Uor do the mechaniasi, for controllixig tho displacement of the sample
differ sLbStantially. However, each of these electronographs has
its character.Leic peculiarities. Thus, the 5W4-4 electronograph
is a compact urta'", -sized apparatas, in which the electronograph
colunn and the high-voltage and low-voltage feeding units are assem-
bieu in, a sinrie bank ( An openizg with a radius of 0.05 mm
in the bottom of the foonusing cylinder serves as the primary source
of ttlec.rons. The condenser consists of two lenses, but practically
only one is used, since in operating with both lenses the intensity
of the diffractlon rings in the electronogran is so small that it
does not lend itself to interpretation. The photo holder of the
instrument perritt one to take 12 pictures 6 X 9 cm in size per
evacuatinn. Amonp the cubst.antial defects of this model must be
mentioned first and foremost the inadequate size of the diffraction
field.



The eloctronograza obtaiiuw from the 0" instrument with
tension of 40 [V and a suximum possible ring raiee of 40 = do
eontain relections corresponding to inter-planeplwtanee. of 1.
than 0.75 1.A great defeat in the design of this instrument.
well as in the similar US model released in 1946 (41), is the do
ward displacement of the electron gun, and the upward displacemr
of the diffraction chamber and the photo chamber. With this ar.
meit of the main nodes of.the electronograph, the openings of a:
the diaphragms quickly get clogged up. Moreover, the parts of
electron gun joined together by picein [picene?] are in a hangi
position in imediate proximity to the electric furnace of the
pump. In the absence of additional beat insulation between the
gun and the furnace, the glass vessel with the cathode part can
separate! from the anode part, so that at 50-60 degrees the pie.
softens and loses its strength.

The EG electrauograph is a borizonta model with respect
the location of the nodes and is more perfect that the former a
from thid institute. The main change in its design consists in
the distance from the object to the photo plate has been reducet
from 1400 to 700 mm. A prime defeat is the great distance from
object to the photo plate (700 mm), which has caused the distan,
from the electron source to the lens (560 mm) to be increased
as to obtain the ratio k_ = 1.4. Furthermore, at a distance of
560 ma, the cross sectihn of the beam is large ( 1.5 mm), so t
it is necessary to limit it with a diaphragm having a diameter,
1 =m in front of the lens, which diminishes its intensity. The
horizontal position of the nodes makes it necessary to join the
together in the vertical and horizontal planes; in addition, th.
electronograph is subject to strong vibration from the pre-vacuw

pump and other 4ibration installations in the building. Anothe
subatantial defect is the use in this instrument of a pocket p
holder which allows only two pictures 9 X 12 ca in size to be o
during one evacuation, thus considerably lowering the productiv
(six times).

The new vertical VEIM-I electronograph is a small-sized m
(A. A. Konstantinov, V. G. Bogdanov, and V. S. Rybakov took par
in developing this model), in which the column of the instrumen
and the electric feed unit are assembled in a single common ban
The primary source of electrons is the anode diaphragm with an
aperture of 50 ink. The distance a from the electron source to
lens is 500 =w, while the distance b from the lens to the soree
is 550 mm. The b/a ratio is 1.1. Thus, the size of the electr
beam is enlarged only insignificantly on the screen. The resol.
power of the electronograph exceeds by more than twice that of
ments W-4 and EG.
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The object chamber permits samples to be obtained by the method

of evaporation and condensatlkon in the instrument itself in the form

of thin films of metals and alloys and other substances, and also

allows tho thermal mad chemical treatment of these films and of massive

samples. The holder allokT.3 three ,,amples to be installed when photo-

graphing for reflectlion (pintes 20 X 10 X 2 cu mn in size) and 6-8

samples or 10-12 smaples in the form of thin films for photographing

for passage of rays. The electronograph permits the taking or 12

electronograms of 10-12 samples during one evacuation (30-35 minutes),

i.e., the structural data on the phase and chemical composition of

the oxide film for 8-10 points on the kinetic ozidation curve of metals

or data on the phase composition of the metal, oxide, aid other sys-

tems for several temperatures. The productivity of the VEIM-1 elec-

tronowgraph is six timEs as great as that of the DS. It is evacua-

ted directly from the photo chamber, the object chamber, amd the

electron gun by means of nozzles coanected With the main tube, which

reduces the probability of the spread of water vapor and various
gases from the photo plates and samples into all nodes of the instru-
ment and especially into the electron gun.

The table gives the maximum possible accelerating voltages and
the corresponding electron va~e lengths of the different electrono-
graphs. It does not show the values of 'asph. and A R, since even

for lens aperture diaphragms of 0.50 mm radius, they are 10-4 and
10-3 mm respectivetl. With a prlmary electron source of radins
5 - 10-l" t 5 lo O-0, these magnitudes may be disregarded.

The great enlargement of the radius of the spot (and conseq-
uently of the width of the lines), caused by the size of the crystals,
as may be seen from the table, reduces the resolution by a whole
order, and the less the value of 1, the greater the reduction, But
despite this it is necessary that the natural half-width of the lines
or the size of the spot on the screen from the electron beam should
be as small as possible.

The size of the beam is of especial importance in investiga-
ting the size of small crystals. The resolving power, without and
with allowance for the effect of the size of the crystals, is deter-
mined respectively by the following expressions:

A R=134 ed .r7b.;L . I j.b + AýL
-R-= ArL aia R= AL (r Ia )

The values of LR/R given in the tablg are computed from the
above expressions for d = 1 X and 1 = 200 A. The values of the
dispersion power are given for d = 1 •. It follows from the table
that the resolving power of the VEIM-I electronograph is half again
as high as that of the EM-4 and the EG* while the dispersion power
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of all four instruments is almost equal. The difference in resolvinj
power is to be explained chiefly by the fact that the size of the
be.am on the screen irs 2.5 times smaller in the V"&Ifl than. in the

S.... s; ".. -his 'n acnomrinihe by ree!0cin,- both the •ize•', ~o± tzw prim,--ry be'a.•. ... ,1 the - r . ... -tii• w. c--.:c, ' L" _.. ~ z:ei, ._. to a •.ltni ,.
in the V .TfI-I e- -1 th 1. . ....... : "-o-zn .,-.,..Ab o_.. , tc ... .... ,.,. zc~wur f,-,r ,_ "t o~no-

graphs with a one-lens condenser is obviously possible only by dim-
inishing the size of the primary source of electrons.

Our experience with the electron beam having a 50 mk diameter
(diameiter of the aperture of the anode diaphraga)confirns this poss-
ibility. With this size of beam. and the val'xes a = 500 and b
550 mm, it i- possible to achI.eve a high reoolutioon and entirely
adequate intensity of the diffractioo; picture. in the mod-rn Clec-
tronographs with two-Isus condensers, no sucze-s has been '-.2d in
obtainLng a satisfactory combination of these -A;o narameters. The
small. differences in the dispersion po.,er of all the ins.'.nts,
despite the different distances L (varyLng from 400 to 7X, nraT., are
to be exolained by the fact that the magnitude L enters into the for-
mula5 botih for the re.solving and for the diuverv.ion power in Pie
form of a product with the magnitude A -- tho electron wave length,
which, as is kLnown, is inversely proportional to the square root of
the accelerating voltage. In increasing the distance L to 700 mm,
the. distance from thl -ori.mary source of electrons to 5he lens also
has to be in.reased to 560 mm in order to pre3erve the ratio b 1.4
(which oc.-zrs in the I0 instrHment). Here, the total distancze from
the source of e!eCtrons to the screen (a + b) is increased to 13M0 mrm.

. the elsctrons pass through this distance by inertia and the
a ith eectronoerapt is I0a of meraury, it is nece-sary

to raise the accele-nting tension considerably in order to diminish
the di~ergence of the beam in the space of the first lens and the
lo:es of electron velocity due to the collision of electrons with,
nolecules of residuail 7at" and libricant vapor In the instr-nent.
tvowevor, an increase in the a-celeratingr ltage d--mi "-hes the
•lectro, n• wa-ve i~enh, ao thm.t the product. L (constacnt of the instru-
r.ent) Is not increased much.

311z, Inrease in the distance L from the object to the screen
cannot alorne achieve a substantial raising of both the disporsion
and the rezqovi g power. For eiectronograph.3 wi[th a one-lens con-
denser the fo1_owing basic paramete._s may be recommended:

1) Diameter of the opening in tae cathode protecting and
focusing clfinder, 0.5-1 =im

2) Daimeter of the opening in the anode diaphragm, 50 mk
". pritiyr source of electrons);

3) Distanrce from the anode diaphra•g t, the aperture dia-
phramn of the condenser, a = 450-500 mm;

4) Diameter of the opening of the aperture diaphragm, 0.5-0.6 mrm;



5) Distance from the last diaphragm to the screen, 550 a
6) Distance from the object to the screen, 500 mR.

H4*HOD aF MAKiNC A P1A'S' ANALYSIS

As noted above, the atomic structure of oxides is determ.
by electronographic analysis. The possibility of successfully
the electronographic method for quantitative phase analysis was
shown recently by L. S. Palatnik and B. T. Boyko (42, 43) in in
tigating the process of decomposition of an over-saturated sol.
solution in thin films of alloys with an aluminum or copper bas,
The authors found an original soaltion for the problem of obtai•
two displaced electronograms on one and the same plate from two
dard samples (for example, from Al and CuAl? in the case of the
system). The displaced and superimposed electronograms were ok
by the periodic displacement of the primary electron beam from
sample to the other by means of divergent plates (placed betwec
the sourfe of electrons and the object), to which electrenomap
impulses of voltage of the rectangular form were applied. By a
ing a definite length of the impulse or its frequency, one can
superimosed electronograms having the necessary ratio of inten
between the coaparable lines on the basic and displaced electro
According to the authors' data, the impulses were applied with
frequency of 10,000 cycles, which with a 1-2 second exposure en
identital conditions for obtaining electronograms of both stand
samples.

The ratios of the volume concentrations of the phases in
in the alloy were determined by comparing the intensity of the
in the standard superimposed. and in the electronogram of the tv
phase alloy (mixture of the phases: Al + CuAl 2 ). The precision
the agreeaent between the data of the electronographic phase an
ysis and the data computed by the S. A. Vekshikskiy method is 2

This method of obtaining superimposed electronograms can
be used for mansive samples if the phases do not have a laminat
distribution. In ease of thin films, a laminated arrangement
the phases in the alloy is also possible. Here it is necessary
see to it that the thickness of the films and the size of the a
in them are alike both for the standard sample and for the snap
under study. In both cases, one should use the electronomicros
method of investigating the secondary (crystallite) structure o
the objects.

The technique of making a high-grade electronographic pha
analysis of the drosses is fairly simple, if electronograns wit
sharp diffraction lines are obtained from the saples under stu
and the dross Itself consists of oxides with known structures.
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The first stage of analysis consists in determining the constant
of the instrument 2AL by the formula:

2 AL = dD,
where D is the diameter of the diffraction ring, in mn: and d is
the value of the inter-plane distance from the standard substance
corresponding to this ring, in R.

One of the phases of the given sample may be used as the
standard substance. For example, as regards the oxidation of
thin films of metals or their solid solutions, the standard may
be the gradually oxidizing metal. The value of the constant of
the instrument is then determined from the above formula as the
mean between three strong lines of the metal; in choosing the lines,
preference must be given to those which have a large diameter. For
rings with large diameters, the relative error LID//D of measurement
of their diameter will be less than for rings with small diameters.

o determine the constant of the instrument one may select diffrac-
tion rings in the electronogram with 30-50 diameters. The relative
error will then not exceed 0.2-0.3ý when the ring diameter is
measured with a precision of 0.1 mm.

If the phase composition of the dross is determined from
samples in the form of thin laminas deposited from aqueous (or othe r)
muspension on underlays, table salt, introduced into the aqueous
suspension in the quantity of O.1-0,05%, is mostly used as the
standard substance.

7hin films of metals, used simultaneously as underlays, may
also be employed as standards. For this purpose, thin films of
aluminum are widely employed, being easily obtained by the method
of evaporation and condensation in a vacuum, and the electronograms
of them contain sufficiently sharp lines to determine the constant
of the instrument.

It is considerably harder to determine the constant of the
instrument from electronograms obtained from massive samples by the
reflection rethod, since it is very difficult to obtain simultaneous-
ly on one and the same photo plate a diffraction picture of the stand-
ard and of the surface of the sample under investigation. Pence,
the most common practice is to take an electronogram of the standard
some time after obtaining one for reflection, it being 'ossible to
obtain both electroncgrams on one and the same plate , as well as
on different ones. When the high tension is well stabilized (0.01-
0.03%), this method of determining the constant is fairly reliable.
One may also use the method of simultaneously taking electronograms
on one and the same plate from the sample under study for reflec-
tion and from the standard (aluminum film) for passage of rays (the
author has been applying this method since 1952). For this purpose,
the thin film of aluminum deposited on the grid is arranged on the
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In quantitative analysis, a visual relative evaluation of the inten-
sity of the lines by the 9-point scale is mostly sufficient.

In evaluating the intensity, account wmist be taken of the
uneven distribution of the background intensity in the electrono-
grams, especially when-underlays of the cellulose type are employed.
In many cases, such a strong background in the area of the central
spot is observed in the reflection electronograms of massive sam-
ples that even the high-intensity diffraction rings are not revealed
in it. Hence, for the central part of the diffraction picture, it
is necessary to make a shorter exposure than for a peripheral pic-
ture, and both parts must be photographed separately.

The multiole-exposure method (45) usually employed to evaluate
the intensity of the lines from samples for passage of rays can also
be used for eloctronograms for reflection. An accurate and direct
precision determination of the absolute values of the intensities
can be made by means of meters and photo multipliers with an attach-
ment for the elimination of the background. The method of recording
the diffraction picture proposed in (34) permits one to solve this
problem in a positive manner.

The concluding stage of qualitative analysis consists in com-
paring the values of the inter-plane distances computed from the elea-
tronograms of the oxide film under study with their values obtained
for the presumed oxide (or compound of oxides) by the X-ray method.
If it is found in this comparison that the values of d for three
(or more) basic and characteristic lines in the electronogram of
the oxide under study having the strongest intensity will coincide
with the tabular values of the inter-plane distances with sufficinet
precision (0.3-0.51 fot electronograms for passage of rays and 0.8-
1% for reflection electronograms) for lines of the same intensity,
the oxide (or other) phase in the dross of the given sample is
regarded as established. The task of determining this or that oxide
phase is considerably facilitated by the fact that the chemical
composition, structure, and thermodynamic characteristics of the
given sample are usually known. if an oxide is formed with a new
and unknown structure or with a structure whose lattice parameter
values deviate considerably from those of the presumed oxide or
oxide compound, the means of electronographic and roentgenographic,
and in some cases also neutronographic, analysis are employed to
determine the crystal structure and establish the nature of the phasi
from it.

Despite the high absolute sensitivity of the electronographic
method of investigation, which permits one to obtain a diffraction
picture of 10-12 g of a substance, its precision in determining the
phase composition of mixtures of oxides and other compounds does
not exceed that of the X-ray method and amounts to 1-5%.

In addition to phase analysis of the dross, the electrono-



lover edge of the sample in such a way that the grid with the film
is raised 0405-0.1 ma above the surface of the massive sample vnder
study Iig. 7. III).

Lbe second stage of phase analysis is the measurement of the
diameters of the diffraction rings in the electronograms of the sam-
pies in the form of thin films or the radii of these rings in the
electronograme of massive samples for reflection. The diameters and
radii are measured with an ordinary ruler (preferably with 0.5
.mm graduations) with a precision ef 0.1-0.2 m, or with a comparator
with a precision of 0.01 mm. The. -enter of the diffraction rings
in the ray-passage electrenograms is the trace of the central elec-
tron beam in the form of a small pit in the photo emulsion and a
black dot.

As regards reflection pictures, there is either no such trace
at all, or it sometimes fails to coincide with the true geometric
center of the half-rings in the electronogram. In such cases, it
is useful in finding the center to use celluloid sheets to which
2-3 half-rings can be transferred and to determine the center from,
them, not from the lines on the electronogram itself. The center

* of the diffraction picture for reflection may be determined by means
of patterns representing the set of rings or half-rizgsdravn on the
celluloid plates with radii computed for the various values of the
inter-plane distances at the known value of the constant of the instru-
ment, i.e., from the formula D = 2-_L . By superimposing the thus
constructed picture on the electrw-gram of any sample, one may, by
superimposing two or three rings, determine the center of the half-
rings in the electronogram. To find the center, one may use the
electronegram of the standard for passage of rays.

Then the inter-plane distances d, corresponding to the values
of the diameters or radii, are computed by the formulas:

S! = L or d =
n D n R'

where L, D and R are measured in millimeters, and A in angstroms.
In more precise calculations of electronograms, the values

of d are computed from the expression:
A =A +R ,R6...]n R- -1328L A L)

The third stage is the determination of the intensity of the
diffraction lines. In investigating structures or making a quanti-
tative phase alanysis the intensities are determined in the same
way as in the X-ray structural analysis: from microphotograms ob-
tained by means of recording microphotometers. The photometric
method of determining intensity has been described in detail in (44).
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graphic method can be used to determine the orientations of the
crystals in the oxide film with relation to the crystals of the
metal on the surface of the sample. By studying in detail the orien-
tation relationships between the crystals of the oxide film and
the underlaying layer of netsal (or, in goeneral, the cryst3Irs in the
surface Layer of the underlay, on which the new phase is formed),
P. D. Dankov (46) established the principle of "orientation and size
agreement." On the basis of this principle, P. D. Dankov (1, 47)
and V. I. Arkharov (12) created the foundations of the crystal-
lochemical theory of the oxidation of metals and alloys.

ELECT0ONOMTCROSCOPI C ?4THOD

The electronomicroscopic -nethod of investigation and the cor-
responding apparatus have been widely described in a number of mono-
graphs and review' articles (32, 50, 51). Hence, we shall only deal
briefly with the main problems of investigation of the oxidation
processes, which can be successfully solved by means of the elec-
tron microscope. To these problems belong the following: inves-
tigation of the process of the formation and growth of oxide crys-
tals on the individual planes of the grains of the metal; study of
the recrysta2lization processes in oxide films depending on the time
and temperature of oxidation; determination of the microfissures and
pores in oxide films; investigation of the chemical and phase con-
versions in the thin free (without underlays) films of metals,
alloys, and oxides. The methods and results of the investigation
of the mechanism of the formation and growth of primary crystals
(nuclei) of oxides on the individual planes of the crystals of
certain metals have been described in (52-54).

The recrystallization processes in oxide films on metals and
alloys depending on the time and temperature of heating have been
studied by the author and his associates. Figures 8 and 9 show
electronomicrograms of oxide films formed pn metals and alloys at
different temperatures and times of exposure. The3e micrograms
were obtained both from lacquer (collodlon) and from quartz or
carbon replicas.

The first three problems are solved by the replica method, the
last by the method of X-ray films having a thickness approximately
equal to the size of the crystals in the film.

Replicas of oxide surface films are obtained without any
chemical or mechanical treatment of the surface of the sample.
rience, they reproduce the true relief of the oxide film, the size
and form of the crystals in it in a form resulting solely from the
oxidation process itself. The size of the crystals increases both
rrith the growth of the temperature and with the lapse of heating
time, varying from 20-30 1 at 20-1000 to lO4 at lO00-1200o.
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FJ'guvr~a 9.cto iotM~icr ogramis of' Oxide F1ThzG on Cromnium~ AUops,
Yorm~ed When ilez-ted in Air. a) 6000; b) 7000; a) 9000;
d) 10000 (X20,000)



The e~rsV~ i'a~in ~oce~ is conakd.era'oiy accelerated
,and begins at Iw t'r in tqc~se caze(-'. wk~ere the Volum~e
of the ox-:-d 2 t -Vff -retýr (for excample, for the nnta1.!-
F0, Cr.,Xi t~1al -vi r: )f t~he :3-~~i,~vxhsIch an

free (W ~ nd'r-'y") oxk;.e ri~m A 1,3 Sj.~iio:

this efect- ofC .11I.ni ted.I 0c til _i of th-oidf.; f117 or
these. reta±o may Ice cxpIaintd try, the prpsen~co of great comipresslon
*stressr',, Ax the arosa.

In.ivtgtn the kinetidn of the oxidat16,ion of MulthI.ple-
ccm.ponent alloyo one cp~n observo bn som~e caso5 that the phrisa coni-
PCý-,:Lttw,0Io of *t- dro ac-,ordLa;3 tao elp-trc graphlc- -ana1y-3is 0-ItI,
does ~'3.~ La~~ depeLn.dea-e onf the tima arid ty:~trb .
rate c~f oiAndleto-m!.,able by the ww&4t irwreoýe,
-3hparpLIx ±'wT a !srltairi z:-iaaint on. Thas, for exav~ple, i. -Li-,vstiga-
tinig the kie so.ý t.hre oxidation of~ llJoyý; hav-In a n2LCk.eI. or
chrim~ir ba:;-- -. Ith. addition of' boron, sucla shari; changer fIn th~e
oxfldatioc. rate-- o-' thi.ý a1ler, were d4..scovetred at a toimpera hire of
o ve~. r.O~ in denewi'esce on the ti-ije. By mf~ans of the electron

~tcr scoe, oras t~he oize of' 20-~5000 2 were detected in the dross
on thle sape.The .irretril.ar couirse of the kinaetic curves war,

* conectd wih te rate o!' evaFora-lior, of the volatile oxides and
wiW~ the 14oraiatliom olf pores (Fig. 9, b and d).

Figure 10. E!lectron 4kicro~r.ams of' Oxide Films Formied on Nichrone
Alloys (X 20,000)
a) and b) 9000 ifor 100 and 1,000 hours respect-ively;
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.1.

F•V,,•"•.~ ~ lO ( o:`t'!•d

-0. 9C. t .-d) . .. o , -
d' ... . 00 . ith addition of boron) for 100

hou•s.; e) on Ti-V ailoy at 6001; and f) on Ni-Cr Alloy-at %00 :o 3rf"2

Yg~. 13 12 Vearis Fig. 11, se noxtl p~age' gives3 as an
illu s tr•.ton el;tro(o~irŽ-o.-.rars and .. ectr-onogra~ms obta, ird by
theg r"-p•: age method from one an..! the sarne samples L- the f'orm cf
thin filins heated in air at teiqperature., from9 20-9000 at 100-degree
intervals. The use of the elTztron-microscone method for inveztiga-
ting the process of the growth of crystals in thin films is 11i.uited,
sin-vo with a film thickniess exceeding b:T several times the size ot
the cr.talL iq it, the electron n4cro grams obtained are urnclear
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EO)1h1

Figure ii. e (Righat) and Klectronograms (Left)
, a "Min irn (x ' 2C,000), ieated in Air

fo0 1 hour at the Fo., ng Tenperatures:
a) 2 b0 : o) 2000; c) 3:000; d) 1+000; e) 50 0 0; f) 6000;

7) 7100o; 1) 8000; and 1) 9000.

b,-ýca se of the. upeQ-'nrnolition of the image of' onr crystal upon that
of. a;-th-:,,. O.nly whnhn the thiclkne3:. of the filrn Is equal, to the
mlea', dzpe of the crystaIs can one trace in -t the change in their
fc~n.m and zizei in the recry3taliization and oxidation processes.
The metalio-rarkI. mothod can be successfully employed alongside
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of the electron-microscope method to detect inter-crystal cor-
rosion, pores, and fissures in the dross, as well as to study the

transverse structure of the dross.

-,3C•TP 3 M'T!OD CF RIVITIGATION

For the isotopic method of investigating oxidation processes,
týg radioactive isotopes of metals and the dtabile isotope of oxygen
-0, are used. This method determines the parameters of the diffus- -
i4n coefficient on temperature. By comparing the values of the
coefficients of the diffusion of the ions of the metal and of oxy-
genthrough the oxide of the given metal, one may ascertain what ions
are diffused to bring about the oxidation Process. Thus, for

example, in determining the parameters of the diffusion of copper
and oxygen ions through the oxide Cu20 at 10300 (55), it has been
established that the coefficient of oxygen diffusion under 135 mm
mercury pressure has a value of 1.3 • i0" 9 ,sq cm/sec, and the
coefficient of copper diffusion 4.8 • 10 sq cm/sec.

Tne coefficients of oxygen diffusion in the oxide systems
are found by the Zimens method (56) by determining the rate of ex-
change between the oxygen of the oxide and the gaseous oxygen enriched
with isotope O08. The method of determining the rate of this exchange
in dependence on the temperature is described in (57), and the methods
of determining the parameters of the diffusion of metals in oxides
are described in (58-60). Unfortunately, it is difficult to compare
the rate constants and activation energies o0P the diffusion of the
same metals or of oxygen through their oxides, since the oxida-
tion processes of metals are usually investigated at temperatures
considerably lower than those at which the diffusion processes are
studied. For example, the oxidability of aluninun is investigated
in the temperature interval of 20-6000; that of nickel, cobalt, and
chromium, 20-10000; that of titanium, zirconium, and niobiam, 20-
9000. But the diffusion processes of metals in oxide systems with
measurable rates take place in a temperature interval of 1100-
1400 0 . At temperatures up to 11000 the borderline diffusion in sin-
tered samples is so intensive that the true values of the parameters
of their volume diffu-ion cannot be determined. During diffusion
roasti1gs at high temperatures (l110-14000 ) there is an intensive
evaooration of many metals and certain oxides (ZnO, Cr 2 0?, and others),
but also an oxidation of the active layer of metal deposited on the
samples by that ýoxygen?] which has remained and is secreted from
the walls of the -'mpules of oxy en. In the case of roastings in
quartz ampules e¢acuated to 10 m&m of mercury at ll0-12000, a
perceptfble evaporation of SiO is observed from the walls of the
ampules, and a diffusion of oxygen through their walls.

The effectiveness of the evaporation and oxidation is some-
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what diminished when the ampules are filled with purified argon up
to a pressure of 200 m= of mercury and zirconium iodide is placed
in them. The dIffasion roastings at temperatures of 1100-14000
stould be -made in ampules cast of pure aluminum oxide (• A1203)
or berylii.`m oxide. The-e roastings may also be done In v~.um
micro-turnacec, introduced hito evacuable (or argon-filled) and water-
cooled tubes of molybdenum glass (see Fig. 4).

More precise data on the diffusion paraxeters in the oxide
systems can be obtained with fused samples by using iridium cruc-
ibles for melting the oxides. To remove the active layers from
the oxide samples, the author and V. V. Votinova used tablets of
boron carbide 15-20 mm in diameter and 2-3 mm thick, which are
pressed from fine powder with the addition of alcohol or water and
roasted in the furnace at 600-7000 in air. Fof precision removal
of the active layers of the prescribed thickness one may use a micro-
tome, replacing the steel knife in it with a plate having tablets
of boron carbide mounted in it.

SAIVLES AND MEMTODS OF TREATING ThEIR SURFACE

Samples in the form of plates 15 X 10 X 5 mm in size are. used
to investigate the oxidation processes of metals and especially of
alloys by the structural-kinetic method. The last dimension (thick-
ness) may be 3-.4 mm. Sam les of this form satisfy both kinetic
investigations (have a considerably larger surface with relation to
the volume than in the case of cylinder-shaped samples of the same
voliume) and electronographic investigations (a width of 10 mm is
obligatory).

The thin films of metals and alloys obtained by the method
of evaporating and condensing metals in a vacuum are extremely mec-
essary in investigating the oxidation mechanism. To one degree of
another they model the massive samples as to chemical composition
and are standards, and, likewise, they permit one in a short inter-
val of time to determine the temperature intervals of formation and
decomposition of the various phases both in alloys and in the oxide
systems. Moreover, the thin films of metals can be used for pre-
cision investigation of the primary stages (adsorbtion, dissolution,
and formation of the oxide phases) of oxidation at low and medium
terr7eratures (from 180-5000) by the monometric and micro-weighing
methods. For this purpose, one may employ samples of thin sheet
iron or foil 0.05-0.3 mm thick. In afl cases of the use of samples
ýn the form of thin films or made of thin sheet iron or foil, one
must see to it that the two fronts of the reaction (or limits of the
disso'lution of oxygen) shifting from the outer limits on the two sides
of the sample to its central inner limit are uot closed in the oxi-
dation of the plate samples. In the oxidation of thin metal films
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the front of the reaction (or limit of dissolution of oxygen)
must not approach the surface of the underlay on which this film
lies. If this precaution is not taken, the kinetic curves on the
weight-incraase and time coordinates will have an asymptotic march
and an erroneous conclusion may be drarn about the heat resi !t~nce
of the given metal or alloy.

Treatment of the surface of samples before oxidati.on is of
great importance for the investigation of the kinetics of oxida-
tion. in practice, the following methods of treating the surface
are usually used: mechanical grinding and polishing, etching, and
electrochemical polishing. A significant shortcoming in the mech-
anical-polishing method is that, in treating the sample, the surface
layer is greatly soiled by the abrasive material and by the particles
of the oxide film forrming and crumbling away during the polishing.
Since the surface of the sample before polishing -has narrow and deep
depressions in the form of fissures and niches, as well as fine,
sharp protrusions, these depressions become filled with paste,
grains of the abrasive, particles of metal and oxide film (while
polishing with paste or moistened abrasive powder), and the pro-
trisions (of the hangnail type) are pressed against the surface,
capturing these products of polishing. Hence, after polishing,
the surface layer of the sample will not be metallic, but metallo-
ceramic and vitreous, both- in structure and luster.

In etching and electric polishing, the metal is soiled with
hydrogen and the surface layer soiled by the products of electro-
lytic corrosion.

These shortcomings can be avoided if the wurfaces of the samples
are grouind on hard (sintered or, preferably, fused) abrasive disks
or plates in the form of razor hones. For many metals and alloys,
thick (1-2 cm) mirror glasses with different degrees of grinding
may be used as such plates, the grinding being done with the pow-
dered abrasives used by glassblowers for grinding and vacuum-resetting
of cocks. Boron, titanium, and other carbides sintered with a binder
in the form of plates are suitable for grinding the harder metals
and alloys.

Polishing of swnples on such sintered or fused abrasive plates
(previously ground to the necessary degree of roughness) is done in
the same manner as with emery paper, but the sample being polished
must be moved alonr a fresh part of the abrasive plate [disk] so as
to avoid repeating the old trace. After the whole surface of the
abrasive nlate has been used, the layer of metal remaining on it is
wiped off with a rag moistened with purified alcohol. With this
dry-grinding method, the plates themselves are actually not worn out,
the grains of abrasive are not torn off them, and, consequently,
the surface of the sample is not soiled. The degree of roughness
achieved by this grinading is entirely satisfactory both for kinetic
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